The relevant phenomenology and the best search schemes of a subelectroweak-scale gauge boson can be vastly different depending on its coupling. For instance, the rare decay into a light gauge boson and the high precision parity test can be sensitive if it has an axial coupling. The minimal gauge extension of the standard model with the U (1)B−L+xY requires only three right-handed neutrinos, well-suited to the current neutrino mass and mixing data, and no additional exotic matter fields. We study the light gauge boson of this symmetry in detail including its axial coupling property from the hypercharge shift.
I. INTRODUCTION
There have been extensive studies of a light gauge boson of the subelectroweak scale in the past decade. It might be hard to expect such a light gauge boson in the rather traditional view that sizes of the gauge coupling should be similar to each other, backed by an idea of the gauge coupling unification. Yet, many studies of a light gauge boson [1] [2] [3] [4] that could address some notable phenomena, such as the positron excess [5, 6] and the muon g −2 anomaly [7] , have been gradually changing the view. (For a review, see Ref. [8] .) The possibility of a very light gauge boson opens up new avenues to search for a new fundamental force .
Many models for a light gauge boson have been suggested and studied. (For some examples, see Refs. [4, [37] [38] [39] [40] [41] .) In particular, extensive studies have been done with the dark photon model [4] , which exploits a kinetic mixing between a dark U (1) gauge symmetry and the standard model (SM) hypercharge U (1) Y [42] . In some sense, the dark photon based on the kinetic mixing can be considered as the simplest gauge model as it does not require any new matter fields. The SM particles do not have charges under the dark U (1), and the feebleness of the coupling comes from a small value of the kinetic mixing parameter (ε) .
On the other hand, the extension of the SM matter contents with the right-handed neutrinos are well motivated with the current neutrino mass and mixing data, and a mere extension of the SM with three right-handed neutrinos allows the (B−L)+xY (with x an arbitrary real number) as an anomaly-free gauge symmetry without an introduction of exotic matter fields [43] . This symmetry can also play as a gauge origin of the matter parity, or the R-parity in the supersymmetry framework, depending on the U (1) charge of the additional scalar. Unlike the dark photon case, a light gauge boson of this symmetry has explicit charges for the SM particles with a small gauge * hlee@ibs.re.kr † yunsuhak@kaist.ac.kr coupling constant. It is also possible for this gauge symmetry to mix with the U (1) Y through the kinetic mixing.
In some sense, it is the most general minimal gauge extension of the SM added by three right-handed neutrinos.
For convenience, we call this gauge interaction mediated by a light gauge boson mini force, implying that it is mediated by a gauge boson with a very small mass and a feeble coupling from the minimal gauge extension of the SM, the (B − L) + xY with an additional kinetic mixing (ε).
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The phenomenology and search schemes of a light gauge boson can be significantly different depending on its coupling to the SM particles. For instance, as emphasized in the dark Z model [37, [44] [45] [46] [47] [48] [49] [50] [51] , an additional axial coupling can provide a very different phenomenology in its production from a heavy particle decay and the parity violation tests. Thus it is of great importance to study the details of the model and identify the similarities and differences compared to other models for a proper study of a light gauge boson. In particular, the mini force model involves an explicit assignment of the hypercharge, which contains an axial coupling. We will perform a thorough study of the light gauge boson of this model including the axial coupling part.
The organization of this paper is as follows. In Sec. II, we go over the coupling of the popular dark photon, which exploits the gauge kinetic mixing. In Sec. III, we investigate the coupling of the mini force gauge boson. In Sec. IV, we explain the ambiguity between the kinetic mixing and the hypercharge shift. In Sec. V, we discuss the implications for the rare Higgs decay. In Sec. VI, we discuss the implications for the parity violation. In Sec. VII, we discuss our findings and summarize the results.
II. OVERVIEW OF THE DARK PHOTON COUPLING (KINETIC MIXING)
In this section, we briefly overview the dark photon model [4] , which relies on the kinetic mixing for the coupling. In the dark photon model, an extra gauge group is considered as the dark U (1), under which the SM particles do not carry the charges. The gauge boson of the dark U (1) can still interact with the SM particles through the gauge kinetic mixing of the dark U (1) with the SM hypercharge U (1) Y . (In addition to this vector portal, the Higgs portal at the scalar sector such as |Φ H | 2 |Φ S | 2 can also connect the SM to the dark sector, but we do not consider this portal in this paper and constrain our discussion to the Z interaction.) Since the field tensor of any Abelian gauge group is gauge invariant, a kinetic mixing between two Abelian gauge groups is not forbidden and the kinetic terms are generally given as [42] 
whereB andẐ are gauge bosons of the U (1) Y and the dark U (1), respectively, and a hatted field means that it is not a physical eigenstate yet. ε is a dimensionless parameter for the kinetic mixing, and [7, 52] . The kinetic terms in Eq. (1) are diagonalized by a GL(2, R) transformation [53] , which can be divided into two steps: first, orthogonalizing the kinetic termŝ
and then a wavefunction normalization
The kinetic mixing is constrained to be very small, i.e., |ε| 1, by the electroweak precision test [54] and other experiments (for instance, see Ref. [33] ). Therefore, the next leading order of Eq. (3), which in O(ε 2 ) is so small regardless of the other properties of the Z such as its mass, and we ignore the normalization process of Eq. (3) from now on. In this approximation, the consequence of the GL(2, R) is summarized aŝ
At this point it is clear that the diagonalization of the kinetic terms by GL(2, R) gives aẐ µ shift proportional to ε to both theẐ µ and theÂ µ . Now, we need to go to the physical eigenstates or mass eigenstates. As the photon is massless, theÂ µ is the same as the physical eigenstate A µ . However, as theẐ boson gets a mass from the vacuum expectation value (VEV) of the Higgs doublet, there is an induced mass mixing ofẐ andẐ because of the shift in Eq. (5). The mass matrix in the basis of (Ẑ,Ẑ ) is given by
where
, with g Z = g/c W , and v ≈ 246 GeV. For the Z mass generation, we assume an extra Higgs singlet S, which contributes the Z mass as m
S with g Z , Q S and v S corresponding to the dark U (1) gauge coupling constant, the dark U (1) charge of the singlet scalar, and the singlet scalar VEV, respectively.
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This mass matrix in Eq. (7) is diagonalized by a SO(2) transformation,
with the mixing angle ξ given by
and the results of the mass matrix diagonalization can be expressed aŝ
As Eq. (11) shows,
is the physical Z fraction in the interaction eigenstatê Z boson. Therefore, the Z coupling to the SM neutral current is proportional to the parameter A Z . The first term in A Z is from the mass mixing and the second term is from the kinetic mixing, and as we will see there is a cancellation of the two for a very light Z . The Z interaction Lagrangian then can be written as
where J EM and J NC refer to the appropriately defined SM electromagnetic current and the weak neutral current, respectively. When the Z is sufficiently lighter than the SM Z boson, A Z is approximated to be . This is why the axial coupling is neglected in most dark photon studies, where m Z m Z is often taken (GeV or sub-GeV scale) [8] .
There are a few ways in which a light gauge boson can obtain sizable axial couplings though. They include (i) to employ a relatively large mass, (ii) to assume a nonminimal Higgs structure, and (iii) to assign explicit nonzero U (1) charges to the SM particles rather than depending on the kinetic mixing.
We will briefly discuss these possibilities now. Figure 1 shows the m Z dependence of the A Z . We can see that it follows Eq. (15) for m Z < m Z . While the Z of the GeV or sub-GeV scale has a tiny axial coupling, the axial coupling becomes quite sizable as m Z approaches m Z . Near m Z ≈ m Z , a peak of the |A Z | ∼ 1/ √ 2 appears because the maximal mass mixing is achieved in Eq. (9) . However, the precisely measured Z pole and other experimental data constrain the Z-Z mass mixing, and in turn the ε. It was found that |ε| ∼ < 0.03 for m Z < m Z , but the constraint becomes much more severe for the peak region [54] . In the region of m Z > m Z , the A Z does not follow Eq. (15) and it rather behaves as
which is quite obvious from Eq. (13) in the m Z m Z limit .
As the above discussion heavily depends on the mass matrix in Eq. (7), it may be possible for the Z to possess a sizable axial coupling even for quite a small mass (m Z m Z ) if a different Higgs structure is assumed. This idea was actually exploited in the dark Z model with an additional Higgs doublet that can contribute to the Z mass as well as the Z mass [37] .
In the previous two cases, the Z coupling to the SM particles is generated by the mixings, but the nonzero explicit U (1) charge assignment with a small gauge coupling constant is another possible way to introduce a light Z .
It will have an axial coupling to the SM particles if the charges are assigned in a chiral way. In the next section, we will discuss this case in detail.
III. COUPLING OF THE LIGHT GAUGE BOSON OF THE MINI FORCE
Now, we consider a U (1) gauge symmetry which has an explicit charge assignment to the SM particles. Specifically, we consider the gauged B−L+xY , which is a linear combination of the B − L and the hypercharge Y with a real number x. This is the only possible family universal, anomaly-free gauge extension of the SM with only three right-handed neutrinos and no additional matter content [43] . While the B − L provides only a vector coupling, the additional xY part presents an axial coupling, which might be interesting in our discussion. The kinetic mixing between this U (1) and the SM U (1) Y is still allowed in the same form of Eq. (1), and we consider the effect of this mixing as well.
In addition to the mass mixing betweenẐ andẐ from GL (2, R), an additional mass mixing is expected to emerge due to the imposed hypercharge in the mini force model. The mass matrix in the basis of (Ẑ,Ẑ ) is given by
with an effective ε defined as
which is the same as the ε in the x = 0 limit, and the other notations are the same as in the previous section. We can see, compared to the dark photon model in Eq. (7), an additional mass mixing due to the xY part is present in the mass matrix. Following the similar steps of the previous section, one can obtain the A Z corresponding to the mini force model along with the kinetic mixing,
where the mass mixing angle ξ is given by Eq. (9), with ε replaced by ε x . The Z interaction Lagrangian in this model then can be written as
where J B-L refers to the B − L vector current. While the comprehensive studies on the constraints on the kinetic mixing ε [33] and the B − L gauge coupling g Z [40] are separately well archived in the literature, we note that the combined study of the two parameters is lacking and is worth pursuing in the future.
Notwithstanding the obvious differences between the models, the formalism of the dark photon model and the mini force model show indistinguishable properties in some aspects, including the axial coupling part.
IV. INDISTINGUISHABLE PROPERTY OF THE KINETIC MIXING AND THE HYPERCHARGE SHIFT
Compared to the dark photon model, which has only two relevant model parameters (m Z , ε), the mini force model has four model parameters (m Z , ε, x, g Z ). But as one can see from Eqs. (17) - (19) , there are essentially only three parameters (m Z , ε x , g Z ) that are relevant to the physics of the Z interaction that we are interested in. In this section, we discuss the couplings of the mini force model, focusing on the similarity of the formalism with the dark photon model.
The coupling of the Z can be studied with the relevant part of the covariant derivative,
where the last term in Eq. (21) exploits the result of the GL (2, R) in Eq. (2), and Eq. (22) collects all parts that are directly related to the axial coupling, i.e., Y part, with the ε x defined in Eq. (18) . Now one can see that the overall consequence of the kinetic mixing diagonalization and the hypercharge shift iŝ
Both the hypercharge shift and the kinetic mixing cause the redefinition of the hypercharge gauge boson in Eq. (23), which is why both can be parametrized by the single parameter ε x of Eq. (18) . It means the kinetic mixing and the hypercharge shift are indistinguishable and there is no way to tell the difference between the two.
The mini force model is, thus, the same as the pure B − L model (i.e., with x = 0), with the kinetic mixing altered appropriately, i.e.
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In this way, one can easily obtain the A Z in Eq. (19) from Eq. (13) as well as its limits from Eqs. (15) - (16). We can conclude that, although it might be somewhat counterintuitive, the axial coupling of the Z in this explicit charge assignment cannot be large for the very light (24), which means that the wavefunction normalization is still with ε, not εx. This normalization process does not alter the indistinguishability between the kinetic mixing and the hypercharge shift. Z because of the essentially same cancellation between the two terms in Eq. (19) as in Eq. (13) . The axial coupling of the Z in this model can be enhanced with an increase of the m Z in a similar manner to the dark photon model. The curves in Fig. 1 can be reinterpreted for this model by replacing ε with ε x . The constraints on ε from the electroweak precision test [54] can also be applied to this model as |ε x | ∼ < 0.03.
V. IMPLICATIONS FOR THE HIGGS DECAY
As the Z is light, one of the constraints or discovery channels could be with a decay of a heavy SM particle into the Z . The 125 GeV Higgs boson may decay into the light Z as studied in Refs. [35, 37, 45, 46, 58] . We consider the H → ZZ channel for the on-shell Z , i.e., for m Z < m H − m Z ≈ 34 GeV. The detailed formalism for this is described in Appendix B.
As we discussed in the previous section, the xY part of the mini force model can be treated as the effective kinetic mixing, and it means that there is no direct coupling of the physical Z to the Higgs doublet. Yet, it can still couple to the Higgs boson through the Z-Z mixing in Eq. (11), with ε replaced by ε x , and it is obvious that the H-Z-Z coupling can be obtained from the H-Z-Z coupling,
Then the H → ZZ decay width can be obtained as
for m Z ∼ < 30 GeV, which is before the phase space suppression becomes significant. This expression has a few interesting features: (i) the 1/m 2 Z factor exhibits the enhancement from the longitudinal polarization of a boosted vector gauge boson due to the Goldstone boson equivalence theorem, as discussed in Ref. [37] ; (ii) the A Z ∝ m 2 Z from Eq. (15) shows the dependence of the axial coupling on the Z mass; (iii) the phase space suppression effect is not significant for the mass range we consider. Overall, we can see the Br(H → ZZ ) ∝ m 2 Z when we neglect the phase space suppression.
Using the SM prediction of the 125 GeV Higgs total decay width (Γ H = 4.1 MeV [59] ), Br(H → ZZ ) is plotted for a few choices of ε x in Fig. 2 , which agrees with Eq. (27) . This agrees with the results in Ref. [58] when an appropriate interpretation is given. The sizable and potentially observable H → ZZ is thus possible only for the relatively large mass, say, m Z ∼ > O(10) GeV for the allowed ε x values.
In an analysis of an experiment with √ s = 8 TeV with an integrated luminosity of 20.7 fb −1 , ATLAS searched for the H → ZZ with subsequent decays into leptons. They did not find a meaningful signal and gave the bound of Br(H → ZZ → 4 ) < (1 − 9) × 10 −5 for the m Z = 15 − 55 GeV [35] . The maximum branching ratio of the H → ZZ is about 10 , which is about ten times smaller than the ATLAS bound, for Br(Z → ) 7% and Br(Z → ) ≈ 1. In the dark photon model, Br(Z → ) ∼ 1 [58, 60] .
Since the dominant background is H → ZZ * → 4 [35] , the signal and the background scale in the same way from 8 TeV to 13 TeV LHC experiments with σ(pp → H) 13 /σ(pp → H) 8 ≈ 2.3 [61] . We need about ten times of the statistics to observe the aforementioned signal. The required value of an integrated luminosity at the LHC 13 TeV experiment is about 90 fb −1 , which can be reached within the LHC Run2 (up to 100 fb −1 ) [62] . The LHC Run3 (up to 300 fb −1 ) or the High-Luminosity LHC (up to 3000 fb −1 ) can test a much wider parameter space (in terms of m Z and ε x ).
While the branching ratio of the H → Z Z is much more suppressed than that of the H → ZZ because of the severe suppression from an additional mixing, it can be amplified when we consider a sizable Higgs portal term that can exploit S → Z Z [58] .
VI. IMPLICATIONS FOR THE PARITY VIOLATION TEST
In this section, we consider implications of the mini force model for the parity tests. Specifically, we discuss the effective sin 2 θ W from the observable
in the polarized beam scattering experiments. The σ L(R) corresponds to the cross section for the left-handed (right-handed) polarized beam interacting with the unpolarized target particles. In the case that the incident particle is the same as the target particle, e.g., ee scattering experiments such as the SLAC E158 [13] and the JLab MOLLER [17] , the parity violating asymmetry A LR in the SM is given by
where the approximation is taken when the momentum transfer (Q) is much lower than the electroweak scale (Q 2 m 2 Z ) [63] . Here, y ≡ (1−cos θ)/2 with a scattering angle θ in a center of momentum frame; v f = T 3f /2 − Q f s 2 W and a f = −T 3f /2 are the vector and the axial coupling of the SM Z boson with the electric charge Q f (Q e = −1) and T 3f = ±1/2 (T 3e = −1/2), respectively; G F is the Fermi constant; and α EM = e 2 /4π. In the mini force model, there is an additional contribution from the Z in the relevant scattering for the parity test. The current that couples to the Z in Eq. (20) can be approximately written as
In this formalism, as is clear from Appendix A, the overall coupling is normalized by g Z → g Z A Z so that the axial coupling of the Z is the same as the a f of the SM Z boson because the axial coupling of the Z originated only from theẐ. Then, the parity violating asymmetry in the mini force model with the low-momentum transfer (Q
This can be obtained from Eq. (30) with a replacement of
with (38): first, the coupling of the Z , which means g Z A Z in Eq. (31) needs to be maximal, and second, the difference of the ratio of the vector coupling to the axial coupling between the Z and the SM Z should be maximal. The latter is parametrized by the α f .
For the large momentum transfer, the above shifts are suppressed, and the effective values of the G F and sin 2 θ W approach the SM values. It means that the lowenergy experiments are required to see the effect of the light Z in the parity test. [33, 40] for the precise constraints on the relevant couplings with m Z in various contexts.) As we can see, the ∆ sin 2 θ W turns out to be at the O(10 −7 ) level, which is too small to be disclosed with the currently proposed parity violation experiments [52] .
For the Z with an intermediate mass scale [m Z ≈ O(10 GeV)], however, the experimental bounds on the two parameters (ε x and g Z ) become much less stringent because the BABAR bounds [31] do not apply for m Z > 10 GeV. For the intermediate mass scale (say, 10 GeV ∼ < m Z ∼ < m Z ), the most severe constraint on the kinetic mixing comes from the electroweak precision test, especially the mass shift of the SM Z boson [54] . Since theẐ-Ẑ mixing in the mini force model comes only from the effective kinetic mixing ε x [Eq. (17)], the same electroweak precision constraint applies (|ε x | ∼ < 0.03). The experimental bound on the g Z of the pure B − L for m Z > 10 GeV comes from the neutrino-quark scattering [12, 64] , which gives g Z ∼ < 0.02 [40] . The allowed value of the g Z in the mini force model should be smaller because of the contribution on the coupling from the effective kinetic mixing ε x . Figure 4 shows ∆ sin 2 θ W for the ee scattering with an intermediate scale Z for the given values of ε x = 0.03 and g Z = 5 × 10 −3 or 0 at the momentum transfer Q = 75 MeV of the JLAB Moller experiment [65] . Using the maximum value of ε x , we can see that the deviation is comparable to the anticipated sensitivity of the JLAB Moller (2.8 × 10 −4 ) and increases with the m Z . (The Mainz P2, which is an ep scattering experiment, also has a similar sensitivity of about 3 × 10 −4 and the average Q = 67 MeV [66] .) With the B − L gauge contribution (g Z = 0), the deviation in the sin 2 θ W is either larger or smaller than the dark photon limit (g Z = 0), depending on the relative sign of the two terms in Eq. (33) .
While we would need a much higher precision experiment to see the parity violation effect in the polar- ized electron scatterings for a very light Z (say, m Z ∼ < 10 GeV), the effect due to an intermediate scale Z can be large enough to be observed in near future experiments such as the JLAB Moller or Mainz P2.
Here are some features of the mini force model regarding the parity violation tests. (i) There is a particle dependence of the η f due to the B − L and electromagnetic
As is clear from this relation, the |∆ sin Fig. 3(a) ] and shows the increasing tendency with m Z [see Fig. 3(b) ]. (iii) The sign of the ∆ sin 2 θ W flips with the ε x sign flip when |eε x Q f | > |g Z (B − L) f |, i.e., when the electromagnetic coupling by the effective kinetic mixing is greater than the B − L coupling [see Fig. 3(c) ].
VII. DISCUSSIONS AND SUMMARY
An axial coupling of a gauge boson is of great importance. Looking back in history, it was the 1978 SLAC E122 polarized eD scattering experiment [67] , which measured the parity violation asymmetry via the Z boson, that established SU (2) L × U (1) Y as the electroweak interaction. It occurred earlier than the direct discovery of the W and Z resonances at the 1983 CERN SPS experiments [68] [69] [70] [71] . (See Ref. [52] for more details.)
A similar path might lie ahead of us in the discovery of a light gauge boson, if it exists, which has been a topic of great interest recently. There are at least two important aspects to think that the axial couplings are more important in searching for a light gauge boson compared to the traditional heavy or TeV-scale gauge boson searches [72] . First, when the gauge boson is light, it is easily boosted from the decay of a heavy particle (such as mesons or the Higgs boson), and this interaction is governed by the Goldstone boson equivalence theorem controlled by an axial coupling. Second, there are ongoing and proposed parity tests at the low-momentum transfer [52] , which may be particularly sensitive for a light gauge boson. In fact, the light gauge boson contribution in the Weinberg angle shift is sensitive only at the low-momentum transfer [37] .
In this paper, we studied the interaction mediated by a light gauge boson of the U (1) B−L+xY symmetry in addition to the kinetic mixing with the SM hypercharge, which we call mini force. This minimal gauge extension of the SM added by only three right-handed neutrinos is a very plausible scenario, and it has an explicit charge assignment, which contains the axial coupling.
However, as discussed in detail in Sec. IV, a hypercharge shift and a gauge kinetic mixing have an indistinguishable consequence in the mixing of the Z and the SM hypercharge gauge boson. In other words, the mini force model can be considered as the pure B − L model with an altered kinetic mixing.
There is some cancellation in the physical eigenstate and as a result the axial coupling of the light gauge boson of the mini force model is highly suppressed. We investigated this phenomenon and also studied the implications of the suppressed axial coupling. There are some aspects in its implications that produce the same results as the dark photon model (e.g. rare Higgs decay) and there are other aspects that produce different results (e.g. parity test). With the various constraints, these effects are too small to be observed in the near future for a very light gauge boson (say, m Z ∼ < 10 GeV), but the effects for an intermediate-scale gauge boson [m Z ∼ O(10 GeV)] can be large enough to be observed in the planned experiments such as the LHC Run2 experiments and the JLAB Moller experiments.
The suppression of the axial coupling for a light gauge boson is somewhat expected from the fact that a massless gauge boson cannot have an axial coupling. As a straightforward symmetry argument, it is obvious that the axial current of a massless gauge boson vanishes when a chiral fermion is massive. A massless gauge boson implies that the vacuum does not break spontaneously the corresponding gauge symmetry. Since helicities (left and right) of a fermion are flipped at a mass term, there is a contradiction that a chiral fermion is massive when a gauge boson is massless. Consequently, a massless gauge boson possesses no axial current for a massive fermion.
It is still imperative to acknowledge that a sizable axial coupling for a very light, but not massless, gauge boson may exist depending on the details of the model including the scalar sector [37] . We discussed the general conditions that a new gauge interaction should possess for the maximal effect in parity violation tests. For an example, the effects can be sizable enough to be observed for the intermediate-scale mass as we illustrated. More cases will be discussed in subsequent studies [73] . 
